Binuclear Cu proteins play vital roles in O2 binding and activation in biology and can be classified into coupled and noncoupled binuclear sites based on the magnetic interaction between the two Cu centers. Coupled binuclear Cu proteins include hemocyanin, tyrosinase, and catechol oxidase. These proteins have two Cu centers strongly magnetically coupled through direct bridging ligands that provide a mechanism for the 2-electron reduction of O2 to a -2 : 2 side-on peroxide bridged Cu II 2 (O 2 2؊ ) species. This side-on bridged peroxo-Cu 2 II species is activated for electrophilic attack on the phenolic ring of substrates. Noncoupled binuclear Cu proteins include peptidylglycine ␣-hydroxylating monooxygenase and dopamine ␤-monooxygenase. These proteins have binuclear Cu active sites that are distant, that exhibit no exchange interaction, and that activate O2 at a single Cu center to generate a reactive Cu II ͞O2 species for H-atom abstraction from the C-H bond of substrates. O2 intermediates in the coupled binuclear Cu enzymes can be trapped and studied spectroscopically. Possible intermediates in noncoupled binuclear Cu proteins can be defined through correlation to mononuclear Cu II ͞O2 model complexes. The different intermediates in these two classes of binuclear Cu proteins exhibit different reactivities that correlate with their different electronic structures and exchange coupling interactions between the binuclear Cu centers. These studies provide insight into the role of exchange coupling between the Cu centers in their reaction mechanisms.
B
iological Cu centers play important roles in O 2 binding, activation, and reduction to H 2 O (1). Hemocyanin (Hc), tyrosinase (Tyr), and catechol oxidase (CO) are well studied systems and contain similar binuclear Cu active sites in which the two Cu centers are close in distance (Ϸ3.6 Å) with strong magnetic interactions (1, 2 ) in its resonance Raman (rR) spectrum (1, 2) . These spectral features result from the side-on bound peroxide * orbital charge donation and the * backbonding interactions with the Cu II d x2Ϫy2 orbitals [ Fig. 1 A, * donor, lowest unoccupied molecular orbital (LUMO), and B, * acceptor, highest occupied molecular orbital (HOMO)]. These Cu 2 II -peroxide bonding interactions lead to a large energy splitting between the LUMO and HOMO of the side-on Cu 2 II (O 2 2Ϫ ) species and the strong antiferromagnetic coupling between its two Cu II centers. In Tyr, the large peroxide * to Cu charge donation results in significant peroxide character in the LUMO (Fig. 1 A) , which activates the side-on Cu 2 II (O 2 2Ϫ ) species for electrophilic attack at the phenolic ring of the substrate, leading to its hydroxylation (Fig. 1C) . The * backbonding interaction (in Fig. 1B ) weakens the O-O bond, facilitating its cleavage.
Based on the strong magnetic exchange interaction between the Cu centers [quantitated by the exchange coupling constant J (H ϭ Ϫ2 JS 1 ⅐S 2 )], Hc, Tyr, and CO have been classified as coupled binuclear Cu proteins (1) . In contrast, noncoupled binuclear Cu proteins have two structurally inequivalent Cu centers largely separated in space (Ϸ11 Å) with no direct bridging ligand and no observable magnetic interaction (4) (5) (6) . This class of binuclear Cu proteins includes peptidylglycine ␣-hydroxylating monooxygenase (PHM) and dopamine ␤-monooxygenase (D␤M), both of which catalyze substrate C-H bond hydroxylation (a Gly backbone C-H bond in PHM or a dopamine benzylic C-H bond in D␤M) in a stereo-and regiospecific fashion by means of an H-atom abstraction mechanism (4). This C-H bond H-atom abstraction is performed by a reactive mononuclear Cu II ͞O 2 species at the Cu M site [alternatively labeled Cu B (6)]. The other Cu H site [alternatively labeled Cu A (6) ] provides an additional electron through long-range electron transfer (ET) to the Cu M site. Because the two Cu centers in PHM and D␤M showed no electronic coupling (i.e., noncoupled), the mechanism for this intramolecular long-range ET was not clear. A superoxide-channeling mechanism (7) and a substrate-facilitated ET mechanism (8, 9) were proposed to account for this inter-Cu ET process.
In contrast to the well studied side-on Cu 2 II (O 2 2Ϫ ) species in coupled binuclear proteins, the nature of the reactive mononuclear Cu II ͞O 2 species in PHM and D␤M was unclear. Structural information from crystallographic (6, 8) and EXAFS (extended x-ray absorption fine structure) studies (10) (11) (12) , combined with recent advances in spectroscopic This paper was submitted directly (Track II) to the PNAS office. Fig. 1 (Fig. 3A) (13) . The lowest energy acceptor orbital of Cu M II -OOH for H-atom abstraction is the spin-down LUMO, which is a Cu d-based orbital (Ϸ61% Cu character) with low OOH Ϫ * character (Ϸ19%) because of a Cu-OOH pseudo-bonding interaction that is not very covalent (Fig. 3B) . The OOH Ϫ * component of this spin-down LUMO is highly polarized toward the Cu with a limited coefficient (2%) on the remote oxygen atom, indicating that the spin-down LUMO is, in fact, not a good acceptor orbital for H-atom abstraction. Another possible H-atom abstraction acceptor orbital, the OOH Ϫ * orbital, is Ϸ3 eV (1 eV ϭ 1.602 ϫ 10 Ϫ19 J) higher in energy than the spin-down LUMO and has a large coefficient on the O 2 moiety (53%, Fig. 3C ). However, the * orbital is similarly polarized toward the Cu, resulting in a much lower molecular orbital coefficient on the remote oxygen atom (13%). This polarization is mainly due to the effect of protonation and is generally observed for Cu II bound OOH Ϫ (13, 14, 19) (Table 1 , row E), reflecting the strengthened O-O bond from protonation-induced polarization. The facts that the * orbital has a low coefficient on the remote oxygen atom because of polarization and is high in energy indicate that it is also an ineffective pathway for H-atom abstraction. Therefore, the electronic structure description of the putative Cu M II -OOH intermediate suggested that it has a strong O-O bond that is not significantly activated for Hatom abstraction.
The Side-On Cu M II -Superoxo Intermediate.
The optimized lowest energy structure of the Cu M II -superoxo intermediate has the superoxide ligand bound equatorially in a side-on fashion, forming a square pyramidal geometry around the Cu center with a Met as the long axial ligand ( Fig. 4A) Fig. 4B ). This highly covalent Cu II -superoxo interaction contributes to the formation of this complex as the 1-e Ϫ reduction of O 2 is energetically less favorable than the 2-e Ϫ process (see below). (Fig. 4F) (15) . The triplet state associated with the ground state singlet involves excitation of an electron from the * ϩd x2Ϫy2 to the d x2Ϫy2 Ϫ* orbital, 3 ⌫(* ), and its corresponding singlet 1 ⌫(* ) can be reached by means of an allowed CT transition. This CT transition should be intense in the absorption spectrum because of the large overlap between the superoxide * and Cu d x2Ϫy2 orbitals (Fig. 4C) . Experimentally, no intense CT transition was observed at energies up to Ϸ30,000 cm Ϫ1 , indicating a large splitting of the bonding and antibonding combinations of the Cu d x2Ϫy2 and superoxide * orbitals resulting from their highly covalent interaction (Fig. 4 B and C) (Fig. 4B versus Fig. 3 B and C) . Therefore, a Cu M II -superoxo intermediate should be much more effective in H-atom abstraction than the putative Cu M II -OOH intermediate in PHM chemistry. These FMO differences should lead to differences in thermodynamics and kinetic barriers as discussed below. 1, step b) . Therefore, the favorable reaction energetics and the low energy barrier indicate that the Cu M IIsuperoxo H-atom abstraction reaction is a highly favorable pathway in PHM both thermodynamically and kinetically.
Correlation of Electronic
A reasonable reaction pathway for completion of the substrate hydroxylation was determined in ref. 16 and is summarized in Scheme 1 (green steps). After the H-atom abstraction reaction, the Cu M II -OOH intermediate and the FmG⅐ radical generated can undergo a direct OH group transfer to form the hydroxylated product FmG-OH and a Cu M II -oxyl species, driven by the formation of a strong product C-O bond (Scheme 1, step iv) (16) . (An alternative reaction pathway, in which the Cu M II -OOH species undergoes reductive O-O bond cleavage by means of ET from Cu H coupled to protonation, is Ϸ20 kcal͞mol uphill in ⌬G because of the unfavorable 1-e Ϫ reduction of the peroxide.) The Cu M II -oxyl species produced can then be reduced to the stable resting Cu M II site by the Cu H I site by an intramolecular ET process and protonation from solvent (Scheme 1, step v). This long-range ET-coupled reduction process is downhill in free energy (⌬G Ϸ Ϫ12 kcal͞mol), which is due to the relatively high-energy nature of the Cu M II -oxyl species that provides the necessary driving force to complete the reaction.
With an additional H 2 O ligand at the Cu M site, geometry optimization gave an end-on Cu II -superoxo species (Scheme 1, step i), which is Ϸ11 kcal͞mol higher in free energy than the side-on Cu M IIsuperoxo intermediate (16) . The LUMO of the end-on Cu II -superoxide species is also an antibonding combination of Cu d x2Ϫy2 and superoxide * orbitals with similar molecular orbital coefficients on the oxygen atoms to those of the side-on Cu M II -superoxo intermediate. Based on its electronic structure description and FMO theory, this end-on superoxide species is predicted to be comparable to or slightly less reactive than the side-on superoxide species, not considering the steric effects of their different binding geometries (16) . The structure of a Cu-O 2 intermediate in PHM has recently been solved and has a fourcoordinate Cu with O 2 binding in an end-on mode (24) . The nature of the Cu-O 2 species in the structure is not known (i.e., Cu (17) . The reaction pathway summarized in Scheme 1 (steps in red and green), from the formation of the Cu M II -superoxo intermediate to the Hatom abstraction reaction, and the completion of the substrate hydroxylation also provide insight into the mechanism of the inter-Cu intramolecular ET process involved in the PHM͞D␤M reaction and the role of the nonmagnetically coupled nature of their active sites, as compared with the coupled binuclear Cu proteins.
The direct bridging of the two Cu centers in the binuclear Cu proteins Hc, Tyr, and CO provides a mechanism for O 2 reduction by two electrons to the side-on Cu 2 II (O 2 2Ϫ ) species (3) and results in the strong Cu-Cu antiferromagnetic exchange coupling (Ϫ2 J Ն 1,200 cm Ϫ1 ) (25) . This side-on Cu 2 II (O 2 2Ϫ ) peroxo species is activated for electrophilic attack at the phenyl ring of substrates (Fig.  1C) . In contrast, there is no observable magnetic interaction (i.e., very small J) between the two Cu centers in the noncoupled binuclear Cu protein PHM and D␤M (26) , because of the large Cu-Cu distance (Ϸ11 Å in PHM) (6, 8) . Thus, a long-range intramolecular ET process is required at some stage in the mechanism for the enzymatic reactions in PHM and D␤M. Marcus theory governs the ET rate constant k ET (27) :
where H DA is the donor͞acceptor electronic coupling matrix element, ⌬G is the driving force, and is the reorganization energy, which includes the active site geometry change ( inner ) and the reorientation of the solvent dipoles ( outer , ϭ inner ϩ outer ) associated with redox. The electronic coupling matrix element H DA is related to the exchange constant J:
where U is the metal-metal CT energy (25, 28 (10) (11) (12) 29) and are also found in calculated structures (13, 16) , which suggest a large reorganization energy ( inner ) is also associated with their redox reactions (Fig. 2, A, B , C, and D, respectively). [Note that the crystal structures of PHM (6, 8) did not resolve significant differences between the oxidized and the reduced proteins, whereas EXAFS results showed significant geometry changes upon redox (10) (11) (12) . EXAFS studies are more accurate in determining the metal-ligand bond lengths and differentiating Cu oxidation states.] Therefore, to have a significant k ET , there must be a large driving force ⌬G for the ET process from Cu H to Cu M . The reaction mechanism in Scheme 1 indicates that PHM could achieve this driving force through a direct OH transfer to the substrate FmG⅐ radical after the H-atom abstraction step (Scheme 1, step iv). The reduction and protonation of the high-energy Cu M II -oxyl species formed could provide the necessary driving force for the intramolecular ET from the Cu H I site (Scheme 1, step v). This thermodynamically driven ET mechanism also suggests that superoxide channeling (7) is not a necessary event for the ET process; furthermore, neither is the substratemediated ET mechanism (8), because no change was observed in the EPR spectrum of resting PHM upon substrate binding, which indicates that the J value between the two Cu centers is still very small when the substrate is present (13) .
The noncoupled nature of the PHM͞ D␤M active sites is strongly correlated with their chemistry. If two Cu centers are strongly exchange-coupled, the O 2 reaction with the reduced protein would lead to fast ET from both Cu sites to O 2 , generating a 2-e Ϫ reduced binuclear-or mononuclear-Cu II -peroxide level species (O 2 2Ϫ ), depending on the distance between the two Cu atoms (Table 1 , rows A-E). These Cu II -peroxo͞hydroperoxo complexes do not appear to be reactive in Hatom abstraction (1, 5, (30) (31) (32) (33) (34) , nor is the mononuclear Cu M II -OOH species considered above (13, 16) . Although 4-e Ϫ reduction of O 2 by two Cu atoms could lead to a bis--oxo-Cu 2 III species (Table 1 , row G), which is very reactive in H-atom abstraction, the existence of the Cu III oxidation state in a biological environment is not known and likely not accessible because of the inability of biological ligands (His, etc.) to stabilize the Cu III oxidation state.
The inaccessible oxidation state is also the case for the mononuclear Cu III -peroxide species (Table 1, row F) , which was recently synthesized with an exceptionally strong electron-donating ligand (35) . Therefore, to form the 1-e Ϫ reduced superoxide level species Cu M II -superoxo, which from the above model would be the reactive species in H-atom abstraction and not proceed further to a thermodynamically favored 2-e Ϫ reduced peroxo species [at pH ϭ 7, E°(O 2 ͞H 2 O 2 ) ϭ 0.28 V, E°(O 2 ͞O 2-) ϭ Ϫ0.33 V versus normal hydrogen electrode] (36), the two Cu sites have to be nonelectronically coupled. This noncoupled nature of the binuclear Cu active site provides a strategy for PHM and D␤M to form a reactive Cu II -superoxo species at one Cu site (Cu M ) for the required H-atom abstraction reactivity while maintaining the ability to provide an additional electron from another Cu site (Cu H ) to complete the reaction, the intramolecular ET being switched on by a high driving force at the appropriate step in the enzymatic reaction cycle.
In summary, the mononuclear reactive Cu II ͞O 2 species in the noncoupled binuclear Cu proteins gives a different reaction mechanism in O 2 activation and substrate hydroxylation from that of the coupled binuclear Cu proteins. The extent of magnetic exchange coupling between the two Cu centers in these two classes of binuclear Cu proteins plays an important role in determining the formation of the reactive Cu n II -O 2 species and thus their resulting reactivities (Hatom abstraction versus electrophilic attack).
